The digital radiator technology is one of three variable heat rejection technologies being investigated for future human-rated NASA missions. The digital radiator concept is based on a mechanically pumped fluid loop with parallel tubes carrying coolant to reject heat from the radiator surface. A series of valves actuate to start and stop fluid flow to different combinations of tubes, in order to vary the heat rejection capability of the radiator by a factor of 10 or more. When the flow in a particular leg is stopped, the fluid temperature drops and the fluid can freeze, causing damage or preventing flow from restarting. For this reason, the liquid in a stopped leg must be partially or fully evacuated upon shutdown.
Nomenclature

C p
= specific heat E = energy L = latent heat of vaporization M = molar mass m = mass P = pressure PGW = propylene glycol/ water mixture R = universal gas constant T = temperature V = volume
I. Introduction
The design of future human-rated spaceflight missions will strive for lightweight, efficient systems to push the boundaries on what is currently possible. Future human missions to near-Earth objects, the moon, or Mars will likely encounter more extreme hot and cold thermal environments than previous missions 1, 2 . For thermal management systems, this drives the need for research into new and innovative system architectures. Unlike robotic missions that can utilize low-freeze-point coolants 3, 4 , human spaceflight demands stringent control of the environment experienced by the delicate human body, with minimal risk of exposure to toxic chemicals or extreme temperatures. Traditional thermal management systems for human missions utilize a dual-loop pumped fluid system, with one loop circulating fluid within the warm cabin environment, and the other transporting fluid to a cold radiator 5, 6 . This architecture allows the use of a toxic working fluid with very low freeze temperature for the cold radiator section, and a non-toxic fluid for the warm environment near the astronauts. A heat exchanger transfers heat between the two loops, enabling cabin heat to be rejected to the radiator. Recent research has shown that a single-loop architecture can deliver a mass savings of 18% 6 , compared to the dual-loop system. This architecture brings a new challenge, however, as non-toxic fluids must be used, most of which have relatively high freeze temperatures.
Digital radiator technology is one of several promising emerging concepts currently under development to deliver a lightweight single-loop solution to meet the rigorous demands of human spaceflight missions [7] [8] [9] . The basic concept, shown schematically in Fig. 1 , pumps working fluid from the warm spacecraft to a radiator, or a set of radiators, where the flow is distributed into several parallel lines. These lines are individually valved, allowing flow to be stopped and started at will to rapidly vary the heat rejection capability of the system. This allows for variation of the heat rejection by at least a factor of 10 [7] [8] [9] , and the rapid turn-down can ease the requirements for additional Supplemental Heat Rejection Devices (SHReDs), such as transient sublimators 10 , to handle large thermal transients. This is an advantage of the digital radiator over other variable radiator technologies, such as stagnation radiators, which cannot respond to rapid changes in environmental heating. Thus, while a digital radiator system without a SHReD must still be sized for the peak heat load for a particular mission, its ability to rapidly adjust can reduce the requirement for SHReDs, which must be present in other systems to respond to rapid variations. The ability to rapidly vary the radiator heat rejection allows for highly flexible mission design over a wide range of thermal environments. This technology is not without challenges, which must be overcome to demonstrate its usefulness for flight systems. The primary challenge involves freezing of fluid in stopped lines that are exposed to cold temperatures. Because of the single-loop architecture, the working fluid may encounter temperatures well below the freezing point when flow in a line is stopped. This fluid must therefore be evacuated from all stopped lines to prevent freezing and allow restart. Furthermore, the behavior of these fluids is not well characterized near the freeze point, making modeling difficult.
The remainder of this document will be divided into two parts. The first part will cover a series of experiments 2 American Institute of Aeronautics and Astronautics Two thermocouples provide temperature data: one in contact with the inner wall of the cup below the fluid level, and the other immersed in the bulk liquid. The photograph shows a hand-held readout for the thermocouples, but this was replaced by a computer data acquisition system for automated data logging. This, and a concentration measurement described later, provide the only quantitative data for these freezing experiments.
A. Propylene Glycol/ Water
The baseline fluid for a proposed manned lunar mission consists of a 50/50 mixture (by weight) of propylene glycol and water (PGW). For this reason, we studied this fluid most extensively in the freeze experiments. Figure 3 shows a series of photographs during a freezing sequence of PGW, with no stirring, along with temperatures from the bulk and wall thermocouples for each image. The photographs proceed sequentially in time from left to right, starting at the top left. In this image, roughly hexagonal clumps of opaque material form and grow from unseen nucleation sites on the bottom and walls of the container. Upon later stirring of this mixture using a manual stirring rod, the translucent portion of the mixture proved to be highly viscous liquid, similar to honey. The opaque material was not a hard solid, but rather a soft, putty-like material that could be easily deformed, but was significantly closer to solid than the clear portion. Figure 4 shows a plot of the wall and bulk fluid temperatures vs. time from the two thermocouples in the system. The oscillations in wall temperature are caused by imperfect feedback control of the temperature control system in the chiller and represent real variations of a few degrees. This plot shows a gradual decrease of the bulk fluid temperature as time progresses, with no distinct plateaus indicative of a "classic" phase change. This shows the gradual nature of PGW freezing with a poorly defined freeze temperature.
During another test, the magnetic stirrer agitated the mixture until the viscosity increased to the point at which it could no longer move freely, after which a manual rod hand stirrer was used through a small hole in the plastic enclosure. This test showed the appearance of white tendrils of material that grew and multiplied as the temperature dropped until the entire mixture became thick and opaque. Figure 5 shows a photograph of the thick PGW on a stirring rod at -57 0 C. This test, and the unstirred test, show a gradual phase change from liquid to solid, without a clearly defined freeze temperature.
After the unstirred freezing of the PGW mixture shown in Fig. 3 , before manual stirring, a sample of the clear portion of the liquid was obtained for concentration analysis. This concentration analysis was performed by Andre Yavrouian at JPL using a Karl Fisher Titrator. The analysis was performed both for the sample taken after freezing, as well as a sample of the liquid before freezing to represent the original concentration for comparison. The results show negligible change of the relative concentrations of propylene glycol and water between the original and frozen samples. This indicates that the water does not preferentially freeze out of solution before the propylene glycol, but rather that the mixture maintains the original concentration throughout the freezing process. The Qtherm SZ2 showed significantly different freezing behavior than the PGW mixture. This fluid, a mixture of salts dissolved in water, showed a much more distinct phase change than the PGW. Figure 6 shows a sequence of images from a non-stirred freezing test, similar to those shown for the PGW. The fluid becomes opaque long before the freeze temperature is reached, and long before the viscosity increases significantly. Upon freezing, the fluid becomes a coarse, "snow-cone-like" loosely bonded solid below -26 0 C. This is in sharp contrast to the published data, which gives a freeze temperature of -50 0 C. Figure 7 shows a plot of the bulk liquid thermocouple temperature vs. time for a freeze test, which shows a distinct plateau around -26 0 C, indicating a classic phase change.
C. Galden HT-170
Galden HT-170 has a pour point of -97 0 C, as listed by the manufacturer, and was therefore tested using singlepass liquid nitrogen in place of the recirculating chiller. During the freeze test, the fluid remained translucent, and formed a hard solid layer on the walls and bottom of the copper cup. Figure 8 shows an image sequence for this freeze test. This hard layer became cracked as it thickened, in a manner similar to water ice upon freezing in a constraining vessel. Before freezing into a hard layer, the fluid became gradually more viscous, reaching a consistency of honey before becoming solid. According to the thermocouple data, shown in Fig. 9 , no distinct phase change occurs. This is consistent with the literature, which lists a pour point rather than a freeze point for the fluid. The sharp downward spikes seen in the bulk temperature curve in Fig. 9 occur during manual stirring of the fluid, as colder fluid is transported from near the wall to the bulk thermocouple location.
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American Institute of Aeronautics and Astronautics Multi-Therm WB-58 also tolerates very low temperatures and was tested using the liquid nitrogen setup. This fluid displayed qualitative properties somewhere between those of Galden and PGW, with an indistinct phase change gradually moving from liquid to a hard solid below -105 0 C. The bulk temperature plot shown in Fig. 10 lacks the distinct plateau of a well-defined phase change, but shows a noticeable change in slope and concavity around -70 0 C. This indicates some sort of phase change, more well defined than PGW, but less so than Galden HT-170. 
E. Fluid Testing Discussion
This series of simple fluid freezing experiments highlights the substantial differences in freezing characteristics of the different candidate fluids. The tests furthermore show the nature of fluids with a poorly defined freezing point and gradual phase change. This indistinct phase change likely leads to the difficulties in accurately modeling flow of such fluids at cold temperatures. Modeling efforts for this and other radiator technologies, such as stagnation and freezable radiators, will require highly accurate data on fluid viscosity, specific heat, and thermal conductivity as a function of temperature 11, 13 . Furthermore, reproducibility of these properties after multiple freeze/thaw cycles must be evaluated. This was only done for two freeze/thaw cycles for PGW in our experiments (with nearly identical results). Testing to better quantify these properties by performing more detailed testing has recently been initiated under the direction of personnel at Johnson Space Center 14, 15 .
7 American Institute of Aeronautics and Astronautics J/kg, and C p is estimated as an approximately linear function of temperature:
For the minimum theoretical energy, the mass of liquid heated is equal to the mass of liquid vaporized to fill the entire tube volume (V) with vapor. This mass can be calculated using the ideal gas law:
Here, R is the universal gas constant and M is the molar mass of PGW (M=47 g/mole) 16 . We consistently measured a pressure (P) of approximately 0.5 psia (3400 N/m 2 ) at the downstream end of the tube during evacuation. At this pressure, the boiling point is approximately 61 0 C, 16 and we assume a starting temperature of 10 0 C (the minimum radiator outlet temperature). For a 3/8in. x 12ft. (9.5mm x 3.7m) evacuated tube, this gives a total energy input of approximately 70 J.
For a more realistic estimation, however, we must consider that the heat cannot practically be delivered exclusively to the small mass of liquid to be boiled. A finite amount of liquid will invariably be heated and not boiled, requiring additional energy input to the system. Also, more liquid must be boiled to account for re-condensation at the colder downstream regions. Additionally, some waste heat will flow into the metal tube and surroundings. Assuming that this waste heat can be minimized by careful design and thermal insulation, we consider only the additional energy required to heat the volume of liquid surrounding the heater element to near the boiling point. For our laboratory experiment, we use a stub leg of ½in. (12.7mm) outer diameter tubing, and a 2in. (50.8mm) long immersed heater element. Assuming that the liquid in this cylindrical volume is heated from 10 0 C to near 61 0 C, the total energy requirement for single tube evacuation becomes approximately 1200 J. This demonstrates the need for heater/ stub leg design optimization before the development of a flight-like system.
B. Smooth-Wall Tube Experiments
These tests demonstrate evacuation of multiple full length (12ft.) tubes, according to the full scale digital radiator design.
8,9 Figure 11 shows the experimental setup. Manual valves are denoted V1, V2, etc., and heaters are denoted H1, etc. Fluid leg numbers are called out by the number of the associated heater. All of the evacuation tests presented here utilize immersion cartridge-style heaters, mounted in a fitting at the end of a stub leg so as to lie in the center of the tube as shown in Fig. 12 . Comparison to prior testing with external film heaters applied to the outer tube surface showed the immersion heaters to be more effective at quickly delivering heat to the fluid with less waste to the surrounding metal. Tests with 1/8in. (3.2mm), 1/4in. (6.4mm), and 3/8in. (9.5mm) diameter heaters showed the 1/8in. heaters to be most efficient in terms of total energy required for tube evacuation. However, these small heaters were easily damaged by overheating. A flight-like design would likely employ a temperature feedback circuit to control the heater temperature and allow the use of the most efficient design possible. For the sake of robust laboratory testing we use the 1/4in. x 2in. heaters unless otherwise noted. The final digital radiator design will use aluminum tubing, which will likely have somewhat different surface properties than polycarbonate. However, a simple test shows that polycarbonate has similar static liquid-solid surface tension as aluminum. In this test, a drop of PGW was placed on a flat, horizontal surface of various materials. The droplet on the surface was photographed edge-on using a digital camera, and the contact angle at the droplet edge was measured from the photographs. Figure 13 shows these photographs and contact angles for several materials, showing 9 American Institute of Aeronautics and Astronautics However, the observation of fluid coagulation into slugs after evacuation was significantly different for each case. For the decline case, the coalescing fluid moved to the downstream end and eventually was removed by briefly reenergizing the heater and pump. For both inclined cases, the fluid coalesced preferentially near the upstream end. Upon re-energizing the heater and pump, a small amount of fluid was removed but most was lost to the walls: as the fluid slug moved downstream it visibly shrank until very little remained at the pump. For the case with both ends elevated, the fluid quickly coalesced into slugs in the low middle portion immediately after evacuation, while the pump was still running. At this point, the slugs quickly moved downstream and approximately half of the remaining fluid passed through the pump and out of the system. However, there still remained a small slug of fluid which could block the flow upon freezing. Furthermore, a spacecraft system clearly cannot rely upon a gravity effect for proper operation.
Additional testing of aluminum single line tubes in a horizontal orientation verified the existence of roughly 15% remaining fluid after evacuation of ¼in. and 3/8in. aluminum tubes. The effect of post-freeze flow blockage in these tubes was also confirmed by cooling the tubes to approximately -55 0 C, after which fluid could not flow until the tubes were warmed.
E. Internally Finned Tubing Experiment
To mitigate the problem of post-evacuation liquid slug formation and subsequent flow blockage, this experiment used 3/8in. O.D. aluminum tubes with axial fins on the interior walls, as shown in the photograph of the tube section in Fig. 15 . This tubing was originally developed for heat pipe construction for use on the Mars Science Laboratory. 19 The narrow channels between the fins trap excess fluid in the tube and spread it axially by means of capillary forces, thus preventing the liquid from coalescing into slugs. With this fin design, the total inter-fin channel volume accounts for approximately 30% of the total internal tube volume, providing sufficient space to trap the excess 15% of un-evacuated liquid. Figure 16 shows the experimental setup used to test the finned tubing concept. Three 3/8in. x 12ft. (9.5mm x 3.7m) tubes, one finned and two smooth, are bonded together in a triangular formation to create similar thermal contact between all three. The finned tube and one smooth tube serve as the evacuation test lines, and the second smooth tube connects to the recirculating chiller to flow coolant to cool the test lines. Foam insulation surrounds the entire assembly. One test line at a time can be installed in place of leg 1 in the previous experimental setup with V1 and V3 closed. An additional valve, hereby referred to as V6, is installed just upstream of the pump, in order to isolate The experiment proceeded by first evacuating the finned test line by operating H1 at 35W for 90s and running the pump for 120s. After this, V6 was closed to isolate the line and the chiller was operated at -55 0 C for 4 hours. After chilling, the pump was restarted and V1, V2, V5, and V6 opened. Flow restarted immediately as seen in the clear downstream lines. Repetition of this procedure using the smooth-walled test line resulted in zero flow until the tube warmed sufficiently, which occurred roughly 15 minutes after stopping the chiller. This entire experiment was repeated thrice, with identical results each time.
IV. Conclusion
We have demonstrated successful and reliable evacuation of full-scale-length tubes for the digital radiator concept, including multiple tube evacuation and restarting flow after chilling. The problem of post-evacuation liquid coalescence and subsequent tube blockage is effectively mitigated by the use of internally-finned tubing to trap and spread excess liquid. Testing continues at JPL to more thoroughly evaluate the startup heater as a viable option for a digital radiator design, as well as to optimize the heater/ tubing configuration for minimum energy consumption and maximum reliability. These tests will include evacuation of aluminum finned tubing of varying diameter, translucent finned tubing for flow visualization, and installation of heaters with built-in fins for trapping of liquid in the stub section. Also the testing will include more thorough systematic evaluation of different heater sizes and types to minimize power input and maximize evacuation reliability.
Qualitative freeze testing of several candidate working fluids demonstrate the striking differences in freezing behavior between fluids and give insight to the freezing process. These tests highlight the ill-defined properties of many 12 American Institute of Aeronautics and Astronautics of the fluids near the freeze point and show the need for an accurate property database to properly model flow behavior at cold temperatures.
The digital radiator concept can provide an efficient and highly flexible means of thermal management for spacecraft that experience drastically varying heat loads and thermal environments. The experiments presented here encourage further development of this technology, which holds great promise for single-loop architecture thermal management for future human space missions.
